The ternary complex factors (TCFs), Elk-1, Sap-1a and Net, are key integrators of the transcriptional response to dierent signalling pathways. Classically, three MAP kinase pathways, involving ERK, JNK, and p38, transduce various extracellular stimuli to the nucleus. Net is a repressor that is converted into an activator by Ras/ERK signalling. Net is also exported from the nucleus in response to stress stimuli transduced through the JNK pathway, leading to relief from repression. Here we show that ERK and p38 bind to the D box and that binding is required for phosphorylation of the adjacent C-terminally located C-domain. The D box as well as the phosphorylation sites in the C-domain (the DC element) are required for transcription activation by Ras. On the other hand, JNK binds to the J box in the middle of the protein, and binding is required for phosphorylation of the adjacent EXport motif. Both the binding and phosphorylation sites (the JEX element) are important for Net export. In conclusion, speci®c targeting of Net by MAP kinase pathways involves two dierent docking sites and phosphorylation of two dierent domains. These two elements, DC and JEX, mediate two distinct functional responses. Oncogene (2000) 19, 5063 ± 5072.
Introduction
Net is a transcription inhibitor (Giovane et al., 1994) belonging to the Ets family of transcription factors (for reviews see Cahill et al., 1996; Treisman, 1996; Wasylyk et al., 1998) . Net and its homologues Elk-1 and Sap-1a are ternary complex factors (TCFs) that contain three similar domains, A (ets), B and C, respectively, involved in DNA binding, interaction with SRF and transactivation when phosphorylated by MAP kinases. Net is apparently dierent from the other TCFs in its ability to strongly repress transcription through two inhibitory domains: the NID (Maira et al., 1996) and the CID that interacts with the co-repressor CtBP (Criqui-Filipe et al., 1999) . Expression of the Ras oncogene converts Net into an activator. Net also diers from Elk-1 and Sap-1a in that it is exported from the nucleus in response to stress signals such as anisomycin, UV and heat shock, through a mechanism involving the JNK pathway .
Various extracellular stimuli are transduced to the nucleus through the MAP kinase pathways leading to speci®c nuclear responses (Treisman, 1996) . The ERK pathway is generally activated by growth and dierentiation signals, whereas the JNK and p38 pathways are induced by stress and cytokines. The activity of various transcription factors are regulated by MAP kinases. For example, Yan is a substrate for ERK, cJun is targeted by JNK, and MEF2A and MEF2C are regulated by p38 (Hibi et al., 1993; Rebay and Rubin, 1995; Yang et al., 1999) . Moreover, some factors are substrates for dierent kinases. ATF-2 is a substrate for JNK and p38 (Gupta et al., 1995; Livingstone et al., 1995) , Sap-1a is a target for ERK and p38 (Janknecht and Hunter, 1997; Price et al., 1996; Whitmarsh et al., 1997) , and Elk-1 (Yang et al., 1998a) and NFATc (Porter et al., 2000) are phosphorylated by the three pathways, ERK, JNK and p38.
In eukaryotes, the interaction between MAP kinases and their targets has been proposed to play a role in substrate speci®city (for reviews see Madhani and Fink, 1998; Sprague, 1998; Treisman, 1996) . For example, ®lamentation in yeast is regulated by the interaction between the kinase Kss1p and the transcription factor Ste12p. In mammals, JNK targets cJun through the d-domain, which has been shown to be important for both the speci®city for the kinase and the eciency of phosphorylation (Dai et al., 1995; Derijard et al., 1994; Gupta et al., 1996; Kallunki et al., 1994 Kallunki et al., , 1996 . A similar docking domain has been identi®ed for JNK on ATF-2 (Gupta et al., 1995) . The D box of Elk-1, located N-terminally from the activation domain, is required for ecient phosphorylation by JNK and ERK (Yang et al., 1998a) .
Net transcriptional activity is activated by the expression of Ras (Giovane et al., 1994) . The Cdomain of Net is phosphorylated in vitro by ERK and p38 (Hill and Treisman, 1995; Price et al., 1995 Price et al., , 1996 . The JNK pathway regulates Net export . We studied the mechanisms by which these MAP kinases regulate Net. We show that six (S/T)P sequences in the C-domain are required to dierent extents for Ras activation of transcription. The neighbouring D box of Net interacts with ERK and p38 and is necessary for ecient phosphorylation by the two kinases and for activation of transcription. We have also identi®ed a sequence, JEX, that is required for JNK induced export. JNK binds to the`J' box and phosphorylates four serines in the`EX' box that are required for export from the nucleus in response to JNK. Elk-1 and Sap-1a do not contain an equivalent sequence, which helps to account for the unique eect of JNK on the Net member of the TCF family.
Results

S359 and S365 are important for transactivation in the presence of Ras
The C-terminal part of Net contains six (S/T)P sequences ( Figure 1a ; T329, T337, S359, S365, S398, S403) that could be important for Net transactivation in the presence of Ras. We changed these (S/T)P sequences to AP either individually or in pairs ( Figure  1a ; T329A, T337A, S359A, S365A, S398A, S403A, T329A-T337A, S359A-S365A, S398A-S403A). We investigated the eects of these mutations in the context of the whole Net protein, using a CAT reporter containing eight copies of an ets motif. In the absence of Ras, Net wild type and the mutants inhibited transcription to a similar extent (Figure 1b, lanes 3, 5, 7, 9, 11, 13, 15, 17, 19 and 21) . With Ras, Net wild type activated the basal activity of the reporter about fourfold (lanes 2 and 4). Transactivation was decreased marginally by mutation of S398 and S403 (lanes 14 and 16) and about fourfold by altering T329 and T337 (lanes 6 and 8). Individual and double mutations of S359 and 365 had the greatest eects (Figure 1b, lanes 10, 12 and 20) . The proteins were expressed at similar levels ( Figure 1c) . Comparable results were obtained with GAL4-N5, a fusion protein between the GAL4 DNA binding domain and the C-terminal 219-409 sequences of Net (data not shown). These results show that S359 and S365 are particularly important for ecient transactivation. 3, 5, 7, 9, 11, 13, 15, 17, 19 and 21) , or in the presence of Ha-Ras (0.5 mg pRasCTBx2; lanes 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 and 22) . (c) Expression levels of Net proteins were assessed by Western-blot using an antibody raised against Net (PAb 375). The speci®c bands are indicated by arrows
Ras and MKK6 increase phosphorylation of S365
In vitro studies have shown that the C-terminal part of Net is phosphorylated by ERK and p38 but not by JNK (Hill and Treisman, 1995; Price et al., 1996) . We used a phospho-speci®c antibody to investigate phosphorylation of C-domain of Net in vivo. We raised monoclonal antibodies against a peptide containing phosphoserines 359 and 365. One of them, MAb 2F3, was found to be speci®c for Net phosphorylated at position S365, as shown by ELISA of dierent peptides, immunocyto¯uorescence of transfected COS cells (data not shown) and in vitro phosphorylation of GST-Net by ERK and p38 (see below). To follow phosphorylation, Net was expressed in NIH3T3 cells in the absence or presence of active forms of Ras, MKK6 or JNKK, and extracts were analysed by Western blotting. Phosphorylation of Net was increased by Ras (Figure 2a ; compare lanes 1 and 2) and MKK6 ( Figure  2b ; compare lanes 12 and 13) but not JNKK ( Figure  2c ; compare lanes 23 and 24). When Net proteins with alanine mutations in the six MAP kinase phosphorylation sites were used, only mutation of S365 or double mutation of S359 and S365 aected the detection of phosphorylated Net (lanes 6, 10, 17, 21, 28 and 32) . These results show that two pathways involving Ras and MKK6 lead to phosphorylation of S365, which is important for Net transactivation.
Different SP sites are necessary for JNKK regulation of Net nuclear export
We have shown previously that Net nuclear export is induced by JNKK . In order to identify the sequences that are involved, we examined the sub-cellular localization of Net C-terminal deletion mutants fused to GFP in the absence and presence of JNKK (Figure 3a) . GFP-Net wild type and the deletion mutants were all nuclear in the absence of JNKK. GFPNet wild type and the mutants GFP-Net No7 and No8 became cytoplasmic in the presence of JNKK whereas GFP-Net No 9 stayed in the nucleus. The sequence removed from GFP-Net No 9 contains a cluster of four SP sites that is similar to the sequence that regulates the cellular localization of NF-AT4 (Figure 3b ; Zhu et al., 1998) . We mutated these serines to alanines either individually or together, and determined the localization of the corresponding GFP-Net mutants in the presence of JNKK by confocal microscopy ( Figure 4a ). The cellular localization was determined by counting the number of cells with¯uorescence in the cytoplasm (C), in the nucleus (N), or both (B). Almost 90% of Net was in the predominant compartment, as shown by measuring the¯uorescence intensity in the nucleus (NFI) and the cytoplasm (CFI). JNKK-induced Net cytoplasmic localization was inhibited by each single mutation (data not shown), as well as by the combined mutation [ Figure 4a : GFP-Net (AP1-4)]. These results show that the four SP sites are necessary for Net nuclear export induced by JNKK.
Net is phosphorylated in vitro by JNK
Since Net nuclear export appears to be regulated by phosphorylation and JNK is downstream of JNKK, we studied JNK phosphorylation of Net and the mutants that aect export. GST-Net fusion proteins were produced in bacteria and incubated with puri®ed JNK and [g- The substrate was present in all the reactions, as shown by Western blotting with an antibody against GST (lanes 4 ± 6, 10 ± 12 and 16 ± 18). These results show that mutation of the four AP sites inhibits phosphorylation of Net by JNK, but not by ERK and p38, which are known to target the C-domain (Hill and Treisman, 1995; Price et al., 1996) . Mutation of the SP sequences individually did not prevent phosphorylation by JNKK (data not shown), even though it prevented export (see above), suggesting that export is very sensitive to complete phosphorylation.
Different regions of Net bind to JNK as opposed to ERK and p38
Various transcription factors form stable complexes with their regulatory kinases (Han et al., 1997; Hibi et , 1993; Jacobs et al., 1999) . We studied the association of Net with JNK (JNK1 and JNK2), ERK2 and p38. COS cells were co-transfected with expression vectors encoding Flag-JNK1, Flag-JNK2, HA-ERK2 or Flag-p38 and their upstream activators (JNKK, Ras and MKK6, respectively). Cell lysates were incubated with GST-Net immobilized on Glutathione-Sepharose beads and retained proteins were analysed by SDS ± PAGE and Western blotting. GSTNet ( Figure 5a ) interacted with JNK1 and 2 ( Figure  5b , lanes 3 and 15), ERK2 (lane 27) and p38 (lane 39), whereas GST alone did not interact (lanes 2, 14, 26 and 38). These results show that Net interacts speci®cally with all the three types of MAP kinase.
We used N-and C-terminal deletion mutants of Net (Figure 5a (Figure 5b ; lanes 34 and 46), whereas they did not interact with No 8 and No 9 (lanes 33, 35, 36, 45, 47 and 48) . All of the GST proteins were present in similar amounts, as shown by Western blotting with an antibody against GST (Figure 5a ). These results show that dierent regions of Net are required for binding to JNK as opposed to ERK2 and p38. We localized the sequence required for MAP kinase binding. The region implicated in interactions with JNK 1 and 2 contains a sequence upstream from the SP sites that resembles known JNK binding sites ( Figure 6a ) and is similar to the consensus KXXXXLXL. ERK and p38 are expected to interact with the D box of Net, which is a lysine rich sequence that is similar to sequences in Elk-1, Sap-1 and Yan (Figure 6b ). To investigate the importance of these sequences, the JNK-like element was changed to AXXXXAXA (Figure 6c (Figure 6e ; compare lanes 22 and 24, and 26 and 28). In contrast, GST-Net (Jm) was still phosphorylated by ERK2 and p38 (lanes 33 and 37). Phosphorylation of GST-Net (Dm) by ERK2 and p38 was strongly inhibited compared to GST-Net (compare lanes 31 and 32, and 35 and 36). These results show that, for binding and phosphorylation, the`J' box is necessary for JNK1 and 2, and thè D' box for ERK2 and p38.
We studied in vivo phosphorylation of Net by cotransfection in NIH3T3 cells with Net, Net (Dm) or Western blotting with an antibody against Net that is not phospho-speci®c (lanes 38 ± 47, bottom panels). These in vivo experiments con®rm the in vitro data.
Net transcriptional activity and the kinase binding domains
We have previously shown that Ras increases the transcriptional activity of Net (Giovane et al., 1994; Maira et al., 1996) and JNKK relieves inhibition by removing Net from the nucleus . Ras activation should require ERK2 binding to the D box. Similarly, relief of inhibition should need binding to JNK to the J box. These possibilities were tested by transfection in NIH3T3 cells. A luciferase reporter containing eight copies of an ets motif was used to measure Net activity. As expected, Net, Net (Dm) and Net (Jm) inhibited transcription (Figure 7a ; lanes 1 ± 4). Increasing amount of Ras induced a strong increase in Net and Net (Jm) activity (lanes 5 ± 7 and 11 ± 13) but had very little eect on Net (Dm) activity (lanes 8 ± 10). In contrast, increasing quantities of JNKK relieved repression by Net and Net (Dm) (lanes 14 ± 16 and 17 ± 19) but did not decrease inhibition by Net (Jm) (lanes 20 ± 22). All the proteins were expressed at a similar level (Figure 7b ). Net and Net (Dm) were cytoplasmic in the presence of JNKK whereas Net (Jm) was nuclear (data not shown). These results indicate that Ras activation of Net requires ERK2 binding to the D box. In addition, Net nuclear export and loss of repression necessitate JNK binding to the J box.
Discussion
Net contains two docking sites for different MAP kinases
MAP kinases control the activity of transcription factors (Treisman, 1996) . The speci®city results from binding to de®ned sequences of their substrates (Dai et al., 1995; Derijard et al., 1994; Gupta et al., 1995 Gupta et al., , 1996 Kallunki et al., 1994 Kallunki et al., , 1996 Yang et al., 1998a Yang et al., ,b, 1999 . We have shown that Net contains two kinase-binding domains that are distinct from the phospho-acceptor sites. The D box of Net interacts with ERK2 and p38 and is required for C-domain phosphorylation. The D box of Net is lysine rich and is similar to MAP kinase docking sites in other proteins. Elk-1 has a related sequence that is required for ecient phosphorylation and activation by ERK and JNK (Yang et al., 1998a,b) . MEF2A and MEF2C have equivalent elements that are involved in phosphorylation and transcriptional activation of by p38 (Yang et al., 1999) . However, we have not identi®ed an interaction between ERK and the C-terminus of Net, similar to that described for Elk-1 and Lin-1. ERK targeting to Elk-1 and Lin-1 requires an additional FXFP site in the Cdomain (Jacobs et al., 1999) . Curiously, there is a related sequence in Net (371-FQFP-374) that is apparently not important in our conditions. Net has a second distinct site that interacts with JNK, the J box. The J box is homologous to JNK binding sites in several transcription factors, including c-Jun, JunB, JIP-1 and ATF2 (Dai et al., 1995; Derijard et al., 1994; Dickens et al., 1997; Gupta et al., 1995 Gupta et al., , 1996 Kallunki et al., 1994 Kallunki et al., , 1996 ; Livingstone et al., 1995; Sluss et al., 12) , Flag-JNK2 (lanes 13 ± 24), HA-ERK2 (lanes 25 ± 36), Flagp38 (lanes 37 ± 48) and their upstream activators (JNKK, Ras and MKK6, respectively). Cell lysates were incubated with equal amounts of GST fusion proteins attached to GlutathioneSepharose beads and the retained kinases were detected by immunoblotting. (c) Lysates containing Flag-JNK1 or Flag-JNK2 were incubated with GST, GST-Net or the mutant GST-Net (AP1 ± 4). The kinases were detected by immunoblotting 1994). It is required for phosphorylation by JNK and regulation of nuclear export. Phosphorylation dependent cellular localization has been described for other factors. Yan, another repressor belonging to the Ets family, is a key regulator of neural dierentiation during Drosophila eye development (Lai and Rubin, 1992) . The Ras1/MAPK pathway leads to phosphorylation of Yan and induces the rapid inactivation of the factor by nuclear export and proteolytic degradation (Rebay and Rubin, 1995) . NFATc is a regulator of cytokine genes in response to T-cell activation (Rao et al., 1997) . JNK, ERK, and p38 interact directly with NFATc and phosphorylate important residues involved in the regulation of NFATc sub-cellular localization (Porter et al., 2000) .
Docking sites are important for the substrate speci®city of kinases. Although the D boxes of the three TCFs are similar, they interact speci®cally with dierent MAP kinases. The D box of Net interacts (Dai et al., 1995; Derijard et al., 1994; Gupta et al., 1996; Kallunki et al., 1994; Sluss et al., 1994) ; Jun-B (Kallunki et al., 1996) ; JIP-1 (Dickens et al., 1997) ; ATF-2 (Gupta et al., 1995; Livingstone et al., 1995) , 8 and 11 ; 500 ng, lanes 6, 9 and 12; 1000 ng, lanes 7, 10 and 13] or JNKK (pSRa-mJNKK; 250 ng, lanes 14, 17 and 20; 500 ng, lanes 15, 18 and 21; 1000 ng, lanes 16, 19 and 22). Fold activation was calculated relative to the basal activity of the reporter in the presence of empty vector (pSG5). (b) Expression levels of Net, Net (Dm), and Net (Jm) were assessed by Western blotting using an antibody raised against Net (PAb 375). The speci®c band is indicated on the left with p38 and ERK, whereas the related element of Elk-1 binds to ERK and JNK (Yang et al., 1998a,b) . Related sequences in MEF2A and MEF2C bind p38 and not JNK or ERK (Yang et al., 1999) . Small changes in the sequence appear to alter the speci®city. In Elk-1, residues in the N-terminal part of the D domain are important for ERK and JNK binding, whereas others in the C-terminal end are also important for JNK (Yang et al., 1998a) . Docking sites are recognized by conserved domains of the MAP kinases (Tanoue et al., 2000) . These conserved domains contain clusters of two or three acidic residues that interact with basic amino acids in MAPK-docking sites, such as those in the D box.
Phosphorylation in vitro of Net, Elk-1, MEF2A and MEFAC by MAPKs is highly impaired when mutations are introduced in the D box (this report; Yang et al., 1998a Yang et al., ,b, 1999 . These results indicate that docking is required not only for the speci®city of molecular recognition but also for ecient phosphorylation. The phosphorylation sites do not appear to play a role in binding of Net by ERK, p38 and JNK. Indeed, a deletion mutant of Net containing the D box and lacking the C-terminus can still bind to ERK and p38. The same observation has been made with a similar mutant of Elk-1 and its binding with ERK2 (Yang et al., 1998a) . We also observed that mutation of all of the JNK phosphorylation sites did not modify the interaction of Net with JNK. The dierent docking sites in Net could be the determinants of the speci®city of the response to MAP kinases. It seems most likely that the mechanism is bipartite, as has been described for c-Jun (Kallunki et al., 1996) . Speci®c recruitment leads to speci®c phosphorylation of neighbouring serines and threonines that are followed by a proline.
Different MAP kinase pathways lead to different responses
We have shown that ERK, p38 and JNK regulate Net in dierent ways (Figure 8 ). MKK6 is able to phosphorylate the C-terminus of Net through p38, which binds to the D box. Ras induces phosphorylation of the C-domain through ERK binding to the D box. Phosphorylation of the C-domain may lead to a conformational change in the protein, favouring interactions with the transcriptional machinery or with co-factors and thereby increasing the transcriptional activity of Net. The C-domains of the three TCFs are similar, and individual mutations have related eects, suggesting that they act by a conserved mechanism (Cahill et al., 1996; Cruzalegui et al., 1999; Treisman, 1996) . JNKK targets JNK, which binds to the J box, phosphorylates adjacent SP sites, leading to nuclear export of Net and relief from transcription inhibition by Net. Mutation of each of the phosphorylation sites inhibits nuclear export induced by JNKK, showing that they are all indispensable. One could imagine that all the sites are required to induce a major conformational change in the structure of the protein, that may be necessary to expose the NES in the DNA binding domain .
Speci®c regulation of Net by various MAP kinases represents another example of a well-known theme in signal transduction: the regulation of transcription factors activity by phosphorylation on multiple sites and/or by several kinases pathways. The yeast transcription factor, Pho4, is implicated in the expression of genes induced in the response to phosphate starvation (Oshima, 1997) . In phosphaterich conditions, Pho4 is phosphorylated by the Pho80/ Pho85 CDK complex (Kaman et al., 1994) and is exported to the cytoplasm (Kaman et al., 1998) , terminating expression of phosphate-responsive genes. Five SP sites, SP1 ± 4 and SP6, are phosphorylated (O'Neill et al., 1996) . Sites 2 and 3 regulate nuclear export, site 4 regulates import, and site 6 regulates the interaction with the transcription factor Pho2 (Komeili and O'Shea, 1999) . During phosphate starvation, Pho80/Pho85 is inhibited, inducing the accumulation of unphosphorylated Pho4 in the nucleus (O'Neill et al., 1996) and the transcription of phosphate responsive genes. NFATc is a transcription factor that regulates cytokine gene expression during the T cells immune response. NFATc is localized in the cytoplasm of resting cells (Rao et al., 1997) and in response to antigen receptor signalling, calcineurin dephosphorylates NFATc, leading to its translocation to the nucleus where transcription can be initiated. Calcineurin activity and nuclear translocation of NFATc is counteracted by JNK, ERK, p38 and CK2, which phosphorylate NFATc promoting its relocalization to the cytoplasm (Porter et al., 2000) .
Many transcription factors are phosphorylated on multiple sites but the role of these phosphorylation events is not well understood. In the case of Net, phosphorylation provides multiple levels of control of its activity. Our observations provide insights into the mechanisms by which MAP kinases can have speci®c eects on gene expression, and how members of subfamilies of factors have evolved to have distinct roles.
Materials and methods
Construction of plasmids
(1) pTL2-Net: (Giovane et al., 1994) . (2) pTL2NET (T329A), pTL2Net (T337A), pTL2Net (S359A), pTL2Net (S365A), pTL2Net (S398A), pTL2Net (S403A), pTL2Net (T329A- (6) pRasCTBx2 is an Ha-Ras expression vector (Wasylyk et al., 1987) . (7) pSRa-JNKK: (Lin et al., 1995) . (8) pCDNA3-Flag MKK6 (Glu): (Raingeaud et al., 1996) .
Antibodies
Anti-Net rabbit polyclonal antibody PAb 375 was raised against amino acids 385 to 409 of mouse Net (Giovane et al., 1994) . Anti phospho-Net: mouse MAb 5NE-2F3 was raised against an ovalbumin-coupled peptide corresponding to amino acids 351 to 369 phosphorylated on serines 359 and 365 and is speci®c for phosphoserine 365. The antibody 16B4 is speci®c for phosphoserine-proline motifs (Aniti, TEBU; Ref. PA7016).
Western blotting
Cells extracts, prepared by lysis with loading buer (0.1 M Tris pH 7.9, 6% SDS, 15% glycerol, 10% b-mercaptoethanol, 0.1% bromophenol blue), were boiled for 10 min. Samples were analysed by SDS ± 10% polyacrylamide gel electrophoresis (PAGE) and transferred to 0.45-m pore-size nitrocellulose membranes (Schleicher and Schuell), which were then blocked in PBSTM (PBS with 0.1% Tween 20 and 5% milk) for 30 min at room temperature, incubated in PBSTM with primary antibody (PAb 375, Anti-GAL4, antiag, anti-HA; diluted 1 : 2000) for 2 h at room temperature, washed three times in PBS-0.1% Tween 20, incubated with goat anti-rabbit or goat anti-mouse secondary antibodies coupled to peroxydase (diluted 1 : 5000; Jackson) in PBSTM for 1 h at room temperature, washed three times, and revealed with an enhanced chemiluminescence detection kit (Amersham product no. RPN 2106).
Cell culture and transfections
NIH3T3 cells were maintained in Dulbecco's modi®ed Eagle medium (DMEM) containing 10% foetal calf serum (FCS) and transfected by the BBS calcium phosphate method (Chen and Okayama, 1987) in 36 mm diameter plates (six-well cluster; Costar 3516) with 4 mg of DNA. After 20 h, the cells were washed twice with DMEM containing 0.05% FCS for 24 h, and scraped for CAT assays, luciferase assays or ®xed for immuno¯uorescent detection of subcellular localization.
Subcellular localization
Cells were ®xed in freshly made 4% paraformaldehyde in PBS for 40 min at room temperature, washed three times with PBS, and visualized by¯uorescence microscopy. Multiple ®elds containing at least 100 positive cells were examined.
Expression of GST fusion proteins
GST fusion proteins were induced with 0.1 mM isopropyl b-D-thiogalactopyranoside for 4 h. Bacteria were sonicated in lysis buer (1% Triton X-100, 1% NP-40 and 10 mM DTT in PBS) and centrifuged at 12 000 r.p.m. for 15 min at 48C. The supernatants were incubated for 1 h at 48C with GlutathioneSepharose beads (Pharmacia). The beads were washed extensively with PBS.
Kinase binding assay
COS cells transiently transfected with Flag-JNK1, Flag-JNK2, Flag-p38 and HA-ERK2 and their upstream activators (JNKK, MKK6 and Ras, respectively). They were lysed in 500 ml of binding buer (20 mM HEPES pH 7.7; 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA; 10% glycerol; 0.05% Triton X-100; 25 mM glycerophosphate; 1 mM Na 3 VO 4 ; 10 mg/ml leupeptin and 10 mg/ml PMSF). Whole cell extracts were incubated with GST fusion proteins (10 mg) bound to glutathione-sepharose beads for 3 h at 48C. The beads were washed ®ve times with binding buer and speci®cally bound material was analysed by 10% SDS ± PAGE followed by immunoblotting.
Solid-phase kinase assay
COS cells transiently transfected with¯ag-JNK1,¯ag-JNK2, ag-p38 and HA-ERK2 and their upstream activators (JNKK, MKK6 and Ras, respectively) were lysed in 500 ml of binding buer (20 mM HEPES pH 7.7, 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mM EDTA, 10% glycerol; 0.05% Triton X-100, 25 mM glycerophosphate, 1 mM Na 3 VO 4 , 10 mg/ml leupeptin and 10 mg/ml PMSF). Whole cell extracts were incubated with GST fusion proteins (10 mg) bound to glutathione-sepharose beads for 3 h at 48C. The beads were washed ®ve times with the binding buer and were incubated with the kinase buer (20 mM HEPES pH 7.5, 20 mM MgCl 2 , 20 mM glycerophosphate, 1 mM Na 3 VO 4 , 2 mM DTT) containing 50 mM ATP and 5 mCi of [g-32 P]ATP in a ®nal volume of 30 ml for 20 min at 308C. The reaction was stopped by adding the loading buer and the samples were resolved by SDS ± PAGE and analysed by autoradiography.
